A technique for the measurement of the electron velocity versus electric field is demonstrated on as-grown and H-intercalated graphene. Van der Pauw, coplanar microbridge, and coplanar TLM structures are fabricated in order to assess the carrier mobility, carrier concentration, sheet resistance, and contact resistance of both epi-materials. These measurements are then combined with dynamic IV measurements to extract a velocity-field characteristic. The saturated electron velocity measurements indicate a value of 2:33 Â 10 7 cm=s for the as-grown material and 1:36 Â 10 7 cm=s for the H-intercalated material at 300 K. Measurements are taken as a function of temperature from 100 K to 325 K in order to estimate the optical phonon energy E so of 4H-SiC by assuming an impurity scattering model. The extracted values of E so are 97 meV for the as-grown sample and 115 meV for the H-intercalated sample. The H-intercalated result correlates to the anticipated value of 116 meV for 4H-SiC, while the as-grown value is significantly below the expected value. Therefore, we hypothesize that the transport properties of epitaxial graphene on SiC are influenced both by intercalation and by remote phonon scattering with the SiC substrate. 
I. INTRODUCTION
Graphene on SiC has generated a great deal of interest in both the electronics and materials physics community as theoretical calculations and experimental measurements indicate exemplary electronic, mechanical, and thermal properties. Epitaxial graphene on SiC wafers is of particular interest as it potentially provides a route to large scale processing of graphene based devices.
The ability of a device to function at high frequency is limited by the drift velocity ðv d Þ of charge carriers at high-electric fields: v d ¼ h hk ÁÊ=m Ã i. Here, m Ã is the effective mass of the charge carriers, k is the wavevector, andÊ is the unit vector which points in the direction of the electric field. 1 Drift velocity is limited by scattering events in the material. Carriers in graphene may scatter via impurities, phonons in the substrate, phonons in the graphene, and via Coulomb interactions. The Ensemble Monte Carlo approach is particularly suited to the modelling of carrier scattering in graphene. [1] [2] [3] The most common way to measure the velocity-field characteristic is by a dynamic current voltage measurement. Short pulses are used in order to minimize resistive self heating effects, which may interfere with a proper interpretation of the temperature dependence. This method has been applied to measurements on silicon, 4 silicon carbide, 5 and other materials. Additionally, a capacitive probe method has been used in order to obtain the velocity-field characteristic in semiconductor materials. 6 In another approach, the velocity-field characteristic of GaAs was measured via the injection of electrons into the material with an electron beam. 7 Velocity-field characterization has also been thoroughly explored on graphene on SiO 2 by Dorgan et al. 8 An impurity scattering limited saturation velocity of >3 Â 10 7 cm=s is reported for sheet carrier densities n < 10 12 cm À2 . The corresponding optical phonon energy E OP for SiO 2 is reported to be 56 meV from temperature dependent measurements.
Here, we measure the velocity-field characteristic of graphene to determine potential applications for high-frequency devices. Such a characterization lends valuable physical insight into the transport of charge carriers in two-dimensional structures. 9 As-grown and H-intercalated epitaxial graphenes are prepared on the Si-face of semi-insulating (SI) 4H-SiC wafers with the intention of measuring the field dependence of carrier velocity as a function of temperature. Van der Pauw structures, coplanar transfer length method (TLM) structures, and coplanar microbridge structures are fabricated using standard processing techniques. The Van der Pauw structures are used to motivate an empirical relationship between carrier concentration and sheet resistance. TLM structures are measured to estimate the contact resistance of graphene-metal contacts. Pulsed IV measurements are performed as a function of temperature to obtain an IV characteristic for both materials. These measurements are combined to extract the carrier velocity versus electric field characteristics. These are then fitted to a standard velocity field model in order to determine the saturated electron velocity in both materials.
II. METHODS

A. Material growth
Epitaxial graphene was produced by sublimation of carbon in a CVD reactor by heating SiC. 10 Depending on the growth conditions, monolayer, bi-layer, and multilayer graphenes may be formed on the surface of the SiC wafer. However, there are many challenges associated with such an approach including material uniformity and the existence of a complex terraced substrate surface morphology. A horizontal hot-wall CVD reactor was used for the growth of graphene in vacuum (1 Â 10 À5 À 1 Â 10 À6 mbar) on the Siface of chemo-mechanically semi-insulating nominally onaxis 4H-SiC substrates. In order to minimize surface degradation in the form of surface step-bunching and defect selective etching on the Si-face, graphene growth was performed at an optimized temperature of 1400 C. 11 Two sets of samples were grown under the same growth conditions. In one set of samples, only graphene was grown, while the other set of samples was in situ intercalated with hydrogen.
The existence of a buffer layer of graphene-like carbon bound to silicon at the SiC/graphene interface has been known for some time. 12 The buffer layer consists of lattice matched 6 ffiffi ffi 3 p Â 6 ffiffi ffi 3 p R30 carbon atoms with a high density of dangling bonds, which are a result of high temperature processing. Sheet carrier densities in epitaxial graphene tend to be quite high 10 12 À 10 13 . 12, 13 Hydrogen intercalation converts the interface carbon buffer layer into the first graphene layer and transforms epitaxial graphene into quasi free-standing graphene on the substrate. 12, 14 The efficacy of the H-intercalation process may be demonstrated using a variety of techniques such as Raman spectroscopy, SEM, LEEM, XPS, and Angle Resolved Photo Electron Spectroscopy (ARPES). H-intercalated material tends to be p-type with higher carrier concentrations and average carrier mobility, while as-grown material tends to be n-type with lower carrier concentrations and carrier mobility. 14 
B. Device fabrication
Graphene test structures are produced using standard processing procedures used for semiconductor device fabrication. First, alignment marks are patterned via photolithography, DC sputtering of Ti/Au, and liftoff in acetone. Next, the graphene mesa layer is patterned via photolithography and dry etching in oxygen plasma. 15 The formation of Ohmic contacts is a critical step in the graphene fabrication procedure. The surface is first cleaned using a standard acetone/methanol/isopropyl alcohol (IPA) degreasing. A subsequent cleaning in CHCl 3 is then performed in order to remove as many organic contaminants and residues from previous processing steps as possible from the surface. Then, Ohmic contacts are patterned using photolithography, DC sputtering of Ti/Au, and liftoff. An additional DC sputtering of Ti/Au and liftoff are done for the formation of contact pads. The contact resistance is measured to be 2:2 X mm and 1:2 X mm in as-grown and H-intercalated graphene, respectively. For this extraction, the contact resistance is assumed to be constant over the range of electric field applied to the structure.
Prior to passivation, the samples are annealed in a mixture of atmospheric H 2 =Ar in a 1:9 ratio at 300 C in order to remove residues from previous photolithography steps. Passivation is achieved using a layer of benzocyclobutene (BCB) diluted in [1, 3, 5] trimethylbenzene in a 1:1 ratio. 16 The BCB layer is spun onto the substrate and then patterned via photolithography. A curing step is performed at 250 C for 2 h. After curing, the thickness of the BCB passivation layer is $2 lm. BCB has been selected because it improves the large-area uniformity of transport properties. The sheet resistance versus carrier concentration both before and after passivation with BCB demonstrates the positive effects of BCB passivation (Fig. 1) . Furthermore, a passivation step is important as ambient H 2 O acts as a dopant to graphene.
Velocity-field measurements are performed on 5lm Â 10 lm microbridge structures (Fig. 2) . 5 
C. Measurement technique
Measurements are carried out using a four part setup consisting of a Tabor 8500A pulse generator, a HP85120A pulse head, an HP6625A two channel supply, and a TDS7104 oscilloscope. Pulse parameters are controlled via a Python script. The pulse generator serves as a clock to generate pulses from the pulse head. The magnitude of the pulse is controlled via setting the voltage on the DC supply, while the pulse width ð1 lsÞ, rise time (100 ns), and duty cycle (1 ms) are controlled with the pulse generator. Voltage pulses are applied to the microbridge structures, and the output current waveform is measured via a Hall effect probe. The voltage pulses are also monitored using the oscilloscope. The pulse magnitude is swept from 0 V up to the onset of breakdown effects in steps of 1 V. Breakdown effects are observed generally for voltage pulses with V > 30 V. The output current pulse ladder for one measurement is shown in Fig. 3 .
The center of a square wave pulse in the time domain may be found using the convolution method.
The solution to the above equations gives the center of the voltage and current pulses in time (t v and t i ). The corresponding Vðt v Þ and Iðt i Þ are taken to be a single point in the IV characteristic. Repeating for all voltage steps gives the full IV characteristic. This method is valid as the current pulses observed are of constant amplitude for each applied voltage. Furthermore, it has the advantage of efficiently finding the correct pulse amplitude in noisy signals.
The following non-linear model may be applied to the extracted IV characteristics with great accuracy.
where I 0 indicates the location of the onset of saturation in the IV characteristic, k is the channel length modulation parameter, and b is the current saturation parameter. 17 The extracted values from Eq. (1) 
III. THEORY
A graphene mesa may be considered as a charge carrying sheet. The electron drift velocity may be determined by the following relation:
where e is the fundamental charge, n sh is the sheet carrier concentration, and w ch is the width of the sheet. The determination of the carrier concentration is of fundamental importance for the extraction of the electron velocity from dynamic IV measurements. The sheet carrier density n sh is estimated via the sheet resistance R sh . R sh is obtained from dynamic IV measurements and knowledge of the geometry of the charge carrying graphene mesa. n sh may be calculated from R sh via the following relation:
Hall measurements were performed at T ¼ 300 K to obtain the average mobility l, allowing for a direct calculation of the carrier density n sh from the measured low field sheet resistance R sh . Hall data are used to generate statistics on the relationship between carrier concentration n sh and sheet resistance R sh .
On both as-grown and H-intercalated materials, 40 individual 100 lm 2 Van der Pauw structures are measured (Fig. 4) . 13 The measured Hall data are then fitted to Eq. (3) via a least squares method. Highly asymmetric structures and structures, which have poor Ohmic contacts, were rejected from the data. The result of the fit is the average carrier mobility for the chip ð lÞ.
The measured Pearson correlation for fitted Hall data (Fig. 4) is q ¼ À0:96 for as-grown material and q ¼ 0:74 for H-intercalated material after the deposition of passivation. The average mobility ( l) for the as-grown material is 877 cm 2 =V s and the H-intercalated material is 1042 cm 2 =V s. These values agree with microwave reflectivity measurements of the mobility, which give 835 cm 2 =V s for the as-grown material and 1143 cm 2 =V s for H-intercalated material. The microwave reflectivity measurements are performed after material growth and prior to any fabrication of devices. The distribution of the measured mobility data for both materials is shown in Fig. 5 .
Equation (2) indicates that v d depends on n sh , which is itself a function of temperature. In order to account for this, the Fermi energy at 300 K is calculated for both materials given the carrier density n sh ðT ¼ 300 KÞ. Assuming a Dirac cone model for the graphene band structure and nondegenerate Fermi-Dirac statistics, the Fermi level may be related to the carrier concentration via the Fermi Dirac integral 18, 19 n ¼ N g
The quantity N g represents the effective sheet density of states and is given by the following relation:
Here, g s and g v are the spin and valley degeneracies in graphene. Each carrier in graphene can have positive or negative spin polarization g s ¼ 2, such that each state can be occupied by two carriers with opposite spin polarization. In monolayer graphene, there are two inequivalent conical valleys in the first Brillouin zone (K and K 0 ) giving rise to a valley degeneracy g v ¼ 2. It should be noted that the valley degeneracy is higher for multilayer sheets of graphene. The variable g f represents the Fermi energy E f normalized to the thermal energy k b T when the Dirac point E D is taken to be zero energy. The exponential term evaluates to the following:
The variable of integration is thus energy normalized to thermal energy u ¼ E=k b T. These relations should be understood in conjunction with the energy-momentum dispersion relation in graphene: E À E d ¼ hv f jkj, where k is the wavenumber and v f ¼ 10 8 cm=s is the Fermi velocity in graphene. Due to the high carrier concentration, E f % constant over the measured temperature range. The Fermi level is found to be 250 meV for the as-grown material and 520 meV for the Hintercalated material. Given the Fermi level at T ¼ 300 K, it is possible to calculate carrier concentration as a function of temperature across the measured temperature range for both materials by Eq. (4) ( Table I) .
The electric field E applied to the charge carrying sheet is calculated from dynamic IV measurements, TLM measurements of the contact resistance, and knowledge of the 
The voltage drop across the mesa is then
Given the effective voltage drop across the mesa V mesa , it is possible to calculate its sheet resistance R sh . The width w of the mesa is generally not constant due to process accuracies such that w ¼ w(l). The mesa may be considered to be composed of an infinite number of series resistors with resistance dR mesa . If the sheet resistance of the microbridge is assumed to be constant, the voltage drop across the mesa V mesa may be calculated by integration.
The geometry of the patterned microbridge graphene mesas in Fig. 2 is approximated as shown in Fig. 6 . The solid lines represent the geometry which may be used for calculation. The rounded corners shown in dashed lines indicate the true geometry from photolithography. This approximation yields the following for the sheet resistance:
Carrying out the integration, one may solve for the mesa sheet resistance
where tan h ¼ 2l end w end À w ch :
The term h is the current spreading angle describing the effect of the mesa geometry. 5 In the low field region, the dynamic IV characteristic is linear such that the differential sheet resistance is approximately constant.
Using the above relations, it is possible to obtain R sh . This value of R sh may then be combined with Hall data in order to obtain the corresponding sheet carrier density n sh . Finally, the carrier density may be combined with measured current and channel width giving the corresponding carrier velocity. The electric field may then be obtained by considering the voltage drop across the channel region.
The resistances associated with l end and l ch are denoted as R end and R ch , respectively. These resistances are obtained from Eq. (7).The magnitude of the electric field in the graphene bridge is
Given dynamic IV data, measurements of the contact resistance, and Hall measurements, it is possible to obtain the velocity-field characteristic of a graphene microbridge. Accurate determination of the end geometry is critical, as it is found to have a non-negligible effect on the velocity-field extraction. The geometry is measured using SEM imaging.
IV. RESULTS
To model the velocity-field behaviour, the following empirical model is applied:
Here, v sat is the saturated electron velocity, l is the local mobility, and a is a fitting parameter, which describes the rate of saturation. The electric field above which the electron velocity is saturating is given by E sat ¼ v sat =l.
4
The effective mass of electrons and holes is approximately equal in graphene, such that similar values of a for as-grown and H-intercalated material are expected. 20 The temperature dependent velocity-field data are fitted to Eq. (11) via a non-linear log-log least squares fit method. This gives v sat , l, and a for each temperature. The measured FIG. 6 . The geometry assumed for the calculation of the sheet resistance given dynamic IV data. This should be compared with Fig. 2 , which shows the true morphology of microbridge structures. and modelled velocity-field curves for both materials and for temperatures ranging from 100 K to 325 K are shown in Fig. 7 (Table II) .
The saturation field E sat for graphene is measured to be between that of silicon and SiC. For fields of magnitude below E sat , the velocity-field characteristic is linear and v d % lE.
V. DISCUSSION
The extracted l and v sat from the velocity-field measurements may be plotted as a function of temperature (Fig. 8) . There are two dominant models for the temperature dependence of the electron mobility lðTÞ in epitaxial graphene. First is a model in which the temperature dependence of carrier velocity is dominated by acoustic phonon scattering within the graphene. This model demonstrates a steep linear increase in the mobility for decreasing temperature. 3, 22 There is also a constant mobility model ðlðTÞ ¼ constÞ in which carrier velocity is determined by impurity scattering. 8 In reality, both acoustic phonon scattering and impurity scattering will occur such that the measured mobility should demonstrate characteristics of both models.
With the assumption of the impurity scattering model ðlðTÞ $ constÞ, it is possible to estimate the energy of the surface phonon E SO ¼ hx SO in 4H-SiC with the Illinois equation. 8, 23, 24 
FIG. 7. Velocity-field plots with measured data and fitted data for various temperatures. Velocity-field curves are generated using an a % 1:8 model for as-grown material (top) and for H-intercalated material (bottom).
TABLE II. A comparison of the parameters of the above fits to those of other well characterized materials at 300 K. The critical field is also reported indicating the field above which the electron velocity can be considered as saturated. Here, v sat is reported in (cm/s), l in ðcm 2 =sÞ, and E sat in (kV/cm). The data for silicon correspond to n-type doping with a carrier concentration of n ¼ 10 15 cm À3 . The data for GaN correspond to n-type doping with a carrier concentration of n ¼ 10 17 À 10 19 cm À3 . The values reported for GaAs represent the peak electron velocity and corresponding electric field as GaAs demonstrates a velocity overshoot effect. Figures for GaN include measurements on AlGaN/GaN heterostructures and bulk GaN substrates. These values also indicate the peak carrier velocity.
As-grown H-intercalated 4H-SiC Here, N OP represents the occupation statistics of the optical phonon mode in SiC for a given temperature. The phonon occupation N OP is given by non-degenerate Bose-Einstein statistics.
Thus, as T increases, N OP increases such that the number of optical phonons increases. Higher phonon densities increase the probability of scattering events between carriers and phonons. This has the effect of decreasing the saturation velocity, v sat . The expected temperature dependence for v sat assuming the impurity scattering model (Eq. (12)) is shown in Fig. 8 . By fitting the data to Eq. (12), it is possible to extract the surface phonon energy E SO ¼ hx SO for the 4H-SiC of 97 meV from the as-grown measurements and 115 meV from the Hintercalated measurements.
It is useful to describe these results in connection with the dielectric properties of the 4H-SiC substrate. The relative permittivity of a dielectric will vary with frequency ¼ ðxÞ in the following way:
From the electrodynamic perspective, phonons are related to waves of electrostatic polarization, which exist in the presence of an oscillating electromagnetic field.
PðxÞ ¼ e 0 ½ðxÞ À 1EðxÞ:
It can be shown that the frequencies of polarization waves in electrodynamic derivations may be related to the frequencies of phonon oscillations derived from lattice mechanics x TO and x LO . 26 In this way, optical phonons are directly related to dielectric properties arising from the polarizability of the substrate lattice. 23 The existence of optical surface phonons arises when one considers the form of the electric field at the boundary between a material with permittivity ðxÞ and vacuum vac ¼ 1. Solving for the electromagnetic boundary equations in this problem gives the following dispersion relation: [25] [26] [27] 
Here the phonon frequencies x LO and x SO are the longitudinal optical and surface optical phonon frequencies. They can be expressed in terms of the dielectric constant of the material and the transverse optical phonon frequency x TO .
Here, The extracted value of hx SO ¼ 115 meV is reasonably close to the accepted value of 115.9 meV (Refs. 28 and 30) in the measurements on H-intercalated graphene. The H-intercalated result suggests that impurity scattering determines the transport properties. Furthermore, the transport properties of epitaxial graphene are strongly influenced by the substrate. Given that the mobility is constant in the H-intercalated measurement, it is reasonable that the H-intercalated material may be used to estimate the surface phonon energy in SiC in accordance with the impurity scattering model. The Fermi level in H-intercalated material is much higher than the phonon mode energy such that the temperature dependence in model is very weak. Furthermore, the hypothesis that H-intercalation somehow decouples graphene layers from the substrate must be considered alongside the observation that carriers in the H-intercalated graphene interact with substrate surface optical phonons.
The value obtained for as-grown graphene hx SO ¼ 97 meV in this measurement is non-physical based on Eq. (15) . There are many potential reasons for this. The asgrown measurements demonstrate a weak linear increase in the mobility with decreasing temperature. This suggests that the transport properties in as-grown material are influenced by both acoustic phonon scattering and impurity scattering. In this way, the as-grown sample may be a poor candidate for estimating hx SO as such an estimation via Eq. (12) requires that lðTÞ is constant. Additionally, the influence of the buffer layer on transport properties in as-grown graphene is largely unknown. As-grown material also shows a much wider variation in the measured carrier density indicating that the epitaxial graphene layer is highly non-uniform. In the as-grown material, the Fermi level is lower, and the phonon coupling is stronger, giving a stronger dependence in the measured electron velocity with temperature.
The fundamental weakness in this method lies in the non-uniformity of epitaxial graphene, which produces statistical variation in the observed Hall data. This translates directly into experimental error. Thus, it is necessary to examine the possibility of a more advanced structure design and processing strategy such that Hall measurements may be performed in situ with dynamic IV measurements.
VI. CONCLUSIONS
A method of measuring the electron velocity in graphene mesas has been presented. The saturated electron drift velocity has been measured to be 2:33 Â 10 7 cm=s in asgrown epitaxial graphene and 1:36 Â 10 7 cm=s in Hintercalated epitaxial graphene. The extraction is performed by calculating the sheet resistance of microbridge structures based on measured data. From this value, one can infer the carrier concentration from Hall statistics gathered from a number of Van Der Pauw structures. The contact resistance is also measured and mesa geometry is considered. Temperature dependent measurements are used in order to extract an optical phonon energy for 4H-SiC assuming an impurity scattering model resulting in a measured surface phonon energy of E SO % 115 meV. This correlates well with the accepted value of $115:9 meV and seems to support an impurity scattering hypothesis. The direct corollary to this observation is that the transport properties of epitaxial graphene are strongly influenced by the substrate.
